such spectral sensitivities were again at shorter wavelengths than that at which Drosophila's major opsin
Introduction maximally absorbs (Zuker, 1996) and which most effectively entrains the behavior of adults with eyes (Ohata Circadian photoreception has special physiological et al., 1998). properties (reviewed by Roenneberg and Foster, 1997;
We report here the isolation of a Drosophila mutant Foster, 1998). Moreover, distinct tissue structures can involving the blue light receptor cryptochrome (see Cashsubserve circadian photoreception, compared to the more, 1998 for a review of those molecules' functions standard ones that negotiate light inputs involved in and of cry mutants in other organisms); it was found in image-forming vision. In circadian systems, extraocular a novel screen for rhythm variants that involved realphotoreceptors are commonly sufficient to get light to time monitoring of clock gene expression in peripheral the clock, notably in nonmammalian vertebrates (retissues. The mutation causes behavioral synchronizaviewed by Yoshikawa and Oishi, 1998). Even in mamtion defects in addition to molecular cycling ones and mals, for which the eyes are usually necessary for lightaffects molecules functioning within the circadian clock. to-clock transmission (Foster, 1998 ; but see Campbell This includes the timeless gene product, whose levels and Murphy, 1998), orthodox photoreceptor cells in the are regulated by light, a phenomenon almost certainly retina may be unnecessary for light inputs relevant to linked to entrainment of the fly's rhythms to environmenrhythms (Foster, 1998; Miyamoto and Sancar, 1998; but tal cycles (reviewed by ). see Yoshimura and Ebihara, 1998).
Insects can use extraocular photoreception for their Results circadian system (Page, 1982) . In Drosophila, the presence or function of external eyes is not necessary to , 1996) . We chemically mutagenized transgenic flies expressing a PER-LUC fusion generated tim-luc fusion gene (each encoding luciferase sequences only) into homozygous mutant genetic backprotein and monitored descendants of these flies for bioluminescence rhythms. Such rhythms closely reflect grounds. luc-reported expression in both cases was arrhythmic ( Figure 1A) . In contrast to other recently identinative per expression in flies carrying a transgene (BGluc) that encodes the N-terminal two-thirds of PER fused fied mutations affecting per and tim expression (Allada et al., 1998; Rutila et al., 1998b), the new mutant does to LUC (Stanewsky et al., 1997b). To find recessive or dominant autosomal mutants in a BG-luc genetic backnot exhibit profound subnormalities in its overall levels of per and tim expression (Figures 1-3) . ground, 5137 strains were monitored automatically in 12 hr:12 hr LD and examined for PER-LUC anomalies Western blot analyses using head extracts of mutant flies maintained in LD showed that the levels of TIM and (see web site version of Experimental Procedures [http:// www.cell.com/cgi/content/full/95/5/681/DC1]).
Isolation of a Mutant that Abolishes Cycling
PER remained at high levels throughout the day and night, relative to the very low troughs observed during A recessive third chromosomal mutation that abolishes bioluminescence rhythms was identified (Figure the daytime in wild type (Figures 2A and 2B ). In addition, TIM and PER proteins were anomalously present in both 1A). To determine the mutation's effects on per and Table 1 ). Although a higher proportion of mutation-overca. 24 hr periods (Table 2 ). In further LD experiments, flies were first exposed to 5 days of 12 hr:12 hr LD (white deletion males was rhythmic compared to homozygous mutant flies, formal analysis of these rhythms indicated light, intensity 640 lux), followed by a second 5 day LD regime in which the lights came on 4 hr later and were that they were very weak and exhibited anomalous phases (Table 1; Figure 4D ). With regard to the mRNA that encodes this protein, the mutation causes this transcript not to cycle, causes the compound eyes and ocelli to be completely unresponsive to light (Pearn et al., 1996) . The doubly as it does normally (Emery et al., 1998). cry RNA was constitutively at 65%-70% of the wild-type peak level mutant flies already exhibited entrainment problems in the initial LD regime (Table 3) . Subsequently, only about (n ϭ 3 RNase protection time courses; data not shown); this is not nearly enough of a decrement to explain the 50% of the flies that entrained to the initial LD cycle were able to synchronize to a new light regime that lack of Western blot signal ( Figure 4D ). That cry b leads to no detectable protein is not a result of the Asp→Asn applied 16-lux blue light; and at still lower light intensities, nearly all of the double mutants failed to entrain to substitution eliminating a relevant antigenic determinant, because the immunogen used to produce antithe new LD cycles (Table 3 ). Figure 5A (upper right) shows an individual actogram of a norpA
P41
;cry b fly, CRY was a polypeptide fragment upstream of the mutated site (Emery et al., 1998) . Therefore, the lack of which entrained to the initial LD regime but failed to do so in the new condition (delayed onset of 16-lux blue signal in the mutant extract ( Figure 4D ) seems not to be norpA and cry b mutations by themselves cause minimal or no entrainment problems at these low light intensities, the synergistic effect observed in the double mutant suggests that the two light entrainment pathways operating in Drosophila's rhythm system are now genetically defined. entrainment to different (phase shifted) LD cycles were able to "shift over" even at much lower light intensities ( Figure 5A ). The apparent discrepancy could be exlight). This effect can also be seen in average activity plots for a group of doubly mutant flies ( Figure 5A motion. Yet the protein encoded by cry is not the only ; cry b ). Flies were kept in the second regime for 5 days, and then all the activity data for each individual were inspected by scrutiny of actograms (upper row); average activity plots depicting the overall behavior of flies of a given genotype were also generated (bottom two rows). In the actograms, each hash mark represents 20 activity events/30 min. The data are double plotted (activity from day 1 and 2 on the first line, day 2 and 3 on the second, and so on). These actograms are representative of how flies expressing these genotypes behaved, except that some of the doubly mutant flies did not entrain to the initial LD regime, and some entrained to both regimes (Table 3) photoreceptor involved in this process, as rhodopsin molecules functioning upstream of norpA's product in the canonical phototransduction cascade are a part of the input pathway to the fly's clock ( Figure 7A ). norpA's PLC could be functioning within the anatomical elements of such pathways located in the CNS as well as within the external eyes, because norpA's product is found within the brain as well as in the eyes (Zhu et al.,  1993) . This PLC could even act downstream of CRY in extraocular locations, but then a norpA mutation would be sufficient to block entrainment in medium-dim light, which is not the case ( Figure 5A ; Table 3 ). Therefore, the combined effects of norpA and cry b mutations on entrainment are likely to be the result of these two functions acting separately in the eye and in the CNS, respectively (Figure 7) . This would mean that there are anatomically independent light input pathways to the pacemaker that controls behavior. One of these might involve brain neurons that feed light into the clock. Or, the extraocular pathway could function intracellularly within clock neurons themselves, by analogy to pinealocytes in lower vertebrates being both circadian pacemaker cells and photoreceptors (Yoshikawa and Oishi, 1998). But the fact that anatomical eyelessness causes the same decrement in circadian light sensitivity as do norpA mutations (Helfrich-Fö rster, 1997, and this work) suggests that the latter's effects are acting only through external photoreceptors. norpA would participate merely as part of an eye-to-brain throughput pathway, via the compound eyes and optic ganglia, eventually reaching the CNS pacemaker ( Figure 7A pacemaking mechanism. How intimate these interactions are should be revealed by elucidating the manner
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